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Sunday, February 3, 2013 151aquantify lamin stoichiometries in human hematopoietic stem cells and progen-
itors through different mature blood lineages. This approach reveals the hema-
topoietic lineage map of lamins, showing that lamin A varies by 4-fold, while
the normally ‘constitutive’ lamin B varies by 30-fold. During differentiation,
lymphoid and myeloid lineages show decreased total lamin intensity and pli-
able nuclei as measured by micropipette aspiration, consistent with their ability
to transmigrate into circulation. In contrast, megakaryocytes (MKs) remain in
marrow because their polyploid nuclei are too large and rigid, as indicated by
high lamin levels; this nuclear anchorage allows MKs to extend membrane
projections into blood, where shear generates circulating platelets. Erythroid
lineages share the same progenitor with MKs and migrate into blood as enucle-
ated RBCs, because of high lamin A intensity relative to B in the progenitors
and stiff chromatin. Functional studies indicate that lamin A overexpression
increases MK and erythroid differentiation by 2-fold, while the knockdown
increases migration through pores by 2-fold. Interestingly, increasing the lamin
A to B ratio by lamin B1 knockdown decreases nuclear deformability by up
to 50%. Together, the study suggests that nuclear deformability is hierarchi-
cally programmed by differential expression of lamins during hematopoietic
differentiation, which in turn influence the ability of cells to migrate through
marrow.
773-Pos Board B542
How Deeply Cells Feel: Nuclear Phenotypes Defined by Cellular Tactile
Sensing
Amnon Buxboim, Joe Swift, Yun-Ruei C. Kao, Takamasa Harada,
Dennis E. Discher.
University of Pennsylvania, Philadelphia, PA, USA.
Lacking eyes to see and ears to hear, cells physically sense their microenviron-
ment and feel into the depths of a matrix by actively deforming their surround-
ings. To study how deeply cells feel, mesenchymal stem cells, as prototypical
but particularly sensitive adhesive cells, were cultured on collagen-coated
gels-based microfilms of controlled elasticity (E) and thickness (h). Cellular
morphologies and nuclear deformations were distinctively smaller on soft com-
pared with soft but thin or stiff films. As indicated by the transition from small
to large spreading, the tactile length scale for mechanosensitivty was 6-10
microns. A small set of highly mechano-malleable nuclear envelope genes
were identified by transcriptional profiling across tissues and in a dish. The
transition between ‘tense’ and ‘soft’ nuclear phenotypes was delineated by
Lamin-A,C overexpression and knockdown assays and involved inside-out
modulation of nuclear envelope components, cytoskeleton, adhesions and ex-
tracellular matrix proteins. Inter-regulatory correlations between lamin-A,C
and non-muscle myosin constitute a feedback between nucleus mechanics
and cytoskeletal tension. Fluorescence recovery rates after photobleaching of
a mini-library of phospho-mimetic Lamin-A,C mutants provided insights to
early dynamics of nuclear remodeling upon matrix engagement. Taken to-
gether, our findings are indicative of nuclear phenotypes directed by cellular
tactile sensing which links the regulation of gene expression with matrix
physics.
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Many cellular events require dynamic changes in the shape and structural orga-
nization of the cell morphology and presumably affect gene expression by
changing the nuclear shape. In this work, we investigate the effect of cell shape
on the nucleus and the mechanism by which intracellular forces are transmitted
to the nucleus. We analyzed the intracellular reorganization of individual endo-
thelial cells plated on micropatterned substrates, imposing cells to spread on
various aspect ratios. Specific drugs were used to alter each component of
the cytoskeleton and we observed the spatial reorganization of the actin net-
work, microtubules, intermediate filaments and focal adhesions, as well as
the nuclear shape. Our data demonstrate the key role of the actin cytoskeleton
in the adaptation of nuclear shape with cell elongation. Indeed, we show that
the nucleus is subjected to pincer forces generated within the cytoskeleton
via actin stress fibers. These intracellular forces drastically affect the nuclear
shape and decrease the nuclear volume by 40-50% before attaining a state
that is highly resistant to further deformation. Based on the quantification of
cell traction forces by traction force microscopy, we propose a mechanical
model that accounts for our observation and quantitatively predicts the nuclear
shape. Our work also demonstrates that nucleus adaptation to cell elongation
leads to a modification of nuclear functions. Indeed, DNA staining reveals an
increase in chromatin condensation in highly deformed and compressed nu-
cleus. We show that nuclear deformation in response of cellular elongationresults in a strong decrease of cell ability to enter S phase and thus to prolifer-
ate. In conclusion, our results demonstrate that the shape of the cell is trans-
posed by the actin cytoskeleton to the nucleus and suggest that it can alter
the accessibility of genes to the transcription machinery.
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It is now widely accepted that cells physically interact with their surrounding in
multiple ways and that these mechanical cues can be as important as biochem-
ical ones. Especially striking was the demonstration that human mesenchymal
stem cells (hMSCs) are mechano-sensitive and were shown to differentiate to-
wards distinct lineages based on the stiffness of their environment. While this
mechanically guided differentiation of hMSCs takes several days or weeks we
focused on the early time interactions between cells and elastic substrates.
Analyzing cell morphology and cytoskeletal structure of cells cultured on
hydrogels of different Young’s moduli we found that the total amount of contrac-
tile non muscle myosin IIa fibers increases monotonically with substrate stiffness
similar to the trend in projected cell area. The aspect ratio of the cell and the or-
der parameter of the acto-myosin fibers show a maximum on 11 kPa substrates,
a rigidity comparable to the cell [1]. Hence, the organization of the acto-myosin
cytoskeleton can be used as an early morphology marker for subsequent lineage
specification. We then used novel hyaluronic acid based hydrogels to investigate
the impact of a 3D environment and could show that matrix stiffness also dictates
cytoskeleton organization in the third dimension [2]. Since stem cell dif-
ferentiation happens in the nucleus, we analyzed the nuclear morphology of
hMSCs in 2D and 3D environments and could demonstrate a strong coupling
to the matrix elasticity that is mediated via acto-myosin stress fibers indicating
a direct mechanical pathway from the extra-cellular matrix to the nucleus.
References:
[1] Zemel A, Rehfeldt F, Brown AEX, Discher DE, and Safran SA (2010)
Nature Physics 6:468-473.
[2] Rehfeldt F, Brown AEX, Raab M, Cai S, Zajac AL, Zemel A, and Discher
DE (2012) Integrative Biology 4:422-430.
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Cell migration through dense matrix or tissue has often been seen to involve
large nuclear contortions. The nucleoskeletal protein Lamin-A is variably ex-
pressed between cells and shown here to have a strong effect on 3D-migration
of diverse cell types involved in disease or regeneration. Crawling through tis-
sue is modeled by motility through micro-pores, with small decreases in
Lamin-A producing large increases in net migration. Surprisingly, the sensitiv-
ity to Lamin-A changes is greatest when Lamin-A is low relative to constitutive
Lamin-B’s. Nuclear shape changes after micro-pore migration as well as
nuclear response times in micropipette aspiration scale strongly with Lamin-
A:B stoichiometry across cell types, revealing Lamin-A’s role in nuclear
plasticity and Lamin-B’s role in nuclear elasticity. Lamin-A also protects
against apoptosis induced by micro-pore migration, with deeply deficient cells
showing defects in stress-resistance. Xenografts provide in vivo insight and
show moderately low Lamin-A levels promote growth of the graft. The nuclear
lamina thus acts as a physical impediment to motility and also promotes sur-
vival in withstanding the mechanical stresses of migration.
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Oxidative stress is a leading cause of male infertility. To combat this, germ
cells and spermatozoa are endowed with various enzymes, vitamins and
proteins. Certain other components of food, including bioflavonoids also
provide protection against free radicals. Present study analyzed the effect of
quercetin, a bioflavonoid, on male reproductive function in adult mouse, after
intra-peritoneal treatment with varying concentrations of quercetin (2, 8 and
20mg/kg b.wt.) for two weeks. Quercetin increased the generation of reactive
152a Sunday, February 3, 2013oxygen species and lipid peroxidation in the testis with concomitant decrease
in sperm count and motility in a dose dependent manner. Activities of
antioxidant enzymes catalase, superoxide dismutase and levels of reduced
glutathione were found to be decreased in a dose dependent manner. Also,
the levels of oxidized glutathione were increased leading to a shift in redox
ratio. The testicular histomorphology was also altered dose dependently.
Germ cell kinetic study revealed significant loss of various germ cell popula-
tions with increasing dose of quercetin. Interestingly, there was a reduction
in germinal epithelium thickness concomitant with an increase in seminiferous
tubule lumen diameter. In conclusion, the deleterious effects of quercetin on
germ cells could be attributed to its pro-oxidant ability which might affect
the sertoli cell functions.
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Cilia function is critical to human health. We developed quantitative methods
to describe waveform, propulsive force, and net work of cilia on multi-ciliated
human tracheal epithelial cells (HTEC).
Lung tracheobronchial epithelial cells were isolated from healthy donor sub-
jects for culture and differentiated using growth factor-enriched medium and
air-liquid interface conditions to yield multi-ciliated cells. Detached cells in
20 mL of culture medium at room temperature were sandwiched between a glass
slide and coverslip and lateral views of beating cilia were acquired (Zeiss
Axiophot, 100X, oil immersion, DIC) for 2s at 100 fps (320x240 pixels,
15.07 pixels/mm). Waveforms were analyzed in N=21 cilia from 3 subjects.
In each video frame, 30 points evenly distributed from the base to the tip of
the cilium were fitted to a 4th-order polynomial curve. The resulting parameter
sets were Fourier-transformed and filtered temporally to obtain a space-time
surface representing a typical beat. Local velocity vectors and curvature
were computed by differentiation of this surface, and local fluid forces on
the cilium were estimated using resistive force theory: fN = CNvN and fT =
CTvT (CNz1.5x10
3 pN-s/mm; CT z0.7x10
3 pN-s/mm). Power was calcu-
lated from the product f$v. Beat frequency, curvature, and shear amplitude
were also computed.
Waveforms of active cilia were asymmetric with distinct power and recovery
strokes. The average propulsive force and work for active HTEC cilia were:
Fprop=3.7354.42pN, W=1.6351.84aJ. We also identified apparently passive
cilia with nearly symmetric waveforms and little propulsive effectiveness
(Fprop= 0.02 51.52 pN, W=0.3350.24aJ). Active cilia were longer
(6.48 50.66 vs 5.0950.73mm) and beat more rapidly (3.54 50.77Hz vs
2.6451.16Hz) than passive cilia. It is not clear whether passive cilia are imma-
ture or simply represent normal heterogeneity. These results provide baseline
data for future studies of motility defects.
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In this work the equilibrium shape and dynamics of a primary cilium under flow
are investigated using both theoretical modeling and experiment. The cilium is
modeled as an elastic beam that may undergo large deflection due to the hydro-
dynamic load. Equilibrium results show that the anchoring effects of the basal
body on the cilium axoneme behave as a nonlinear rotational spring. Details of
the rotational spring are elucidated by coupling the elastic beam with an elastic
shell. We further study the dynamics of cilium under shear flow with the cilium
base angle determined from the nonlinear rotational spring, and obtain good
agreement in cilium bending and relaxing dynamics when comparing between
modeling and experimental results. These results potentially shed light on the
physics underlying the mechanosensitive ion channel transport through the
ciliary membrane.
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Energetic efficiency of swimming has long been considered a non-issue in
microorganisms, but newer studies show that ciliates can use more than half
of their energy for propulsion. To estimate how close the ciliates are to the
theoretically optimal way of swimming we address the following problems:
i) we determine the optimal stroke of a cilium, ii) we determine the optimalbeating pattern of a ciliated surface and iii) we calculate the optimal shape
of a ciliated swimmer.
For a single cilium we define the efficiency in a scale-invariant way and show
that the optimal stroke consists of a working stroke with a stretched cilium and
a recovery stroke where the cilium bends and moves closer to the surface.
When optimizing an array of cilia we additionally show that metachronal
waves improve the efficiency and that the optimal efficiency is achieved for
antiplectic waves. The resulting beating patterns, as well as the optimal ciliary
density, show remarkable similarity with those observed in ciliated microor-
ganisms. In order to optimize the shape of the whole swimmer we use a simpli-
fied description where we replace the ciliated layer with a surface slip velocity.
Depending on the curvature we allow, the optimal swimmer has an elongated
shape, possibly with two protrusions along the symmetry axis. These optimal
shapes again resemble those of different ciliates.
If we combine the results of our optimization with experimental efficiency es-
timates we can show that Paramecium has a propulsion efficiency that is within
a factor of 2 of the theoretical optimum. This result suggests that ciliates have
evolved for efficient swimming at different scales.
[1] N. Osterman and A. Vilfan, Proc. Natl. Acad. Sci. USA 108, 15727-15732
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Understanding how cellular level mechanical properties change as failing
hearts remodel may help identify the protein modifications that produce con-
tractile dysfunction associated with this condition. We therefore procured
through wall left ventricular samples from patients undergoing heart trans-
plants at the University of Kentucky and from organ donors who did not
have heart failure. Multicellular chemically permeabilized preparations were
subsequently obtained from sub epicardial, midwall and sub endocardial re-
gions of these samples by mechanical homogenization and triton treatment.
The mechanical properties of the preparations were assessed by attaching
them between a force transducer and a motor and subjecting them to a standard
series of mechanical assays. There was a 30% decrease in maximum power
output (p-value = 0.01) and steady-state force (p-value=0.005) in patients
with end-stage heart failure (n=8, total of 72 preparations) as compared to sam-
ples from nonfailing organ donors (n=4, total of 36 preparations). The phos-
phorylation of two cardiac sarcomeric proteins- myosin binding protein-C
(cMyBP-C) and troponin-I (cTnI) which have been previously associated
with contractile dysfunction were investigated using phospho specific anti-
bodies. Western blot analysis of three major phosphorylated sites of cMyBP-
C, PSer273, PSer282 and PSer302 were not significantly different between
heart failure and non failing groups but cTnI phosphorylation at PSer22/23 de-
creased significantly in heart failure (p=0.01). This study suggests that the cel-
lular level mechanical dysfunction seen in heart failure may be in part due to
phosphorylation modifications.
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